Regulatory T cells (Tregs) play a non-redundant role in maintenance of immune homeostasis. This is achieved by suppressing both, priming of naïve cells and effector cell functions. Although Tregs have been implicated in modulating allergic immune responses, their influence on distinct phases of development of allergies remains unclear. In this study, by using bacterial artificial chromosome (BAC)-transgenic Foxp3-DTR (DEREG) mice we demonstrate that the absence of Foxp3 + Tregs during the allergen challenge surprisingly does not exacerbate allergic airway inflammation in BALB/c mice. As genetic disposition due to strain specificity may contribute significantly to development of allergies, we performed similar experiment in C57BL/6 mice, which are less susceptible to allergy in the model of sensitization used in this study. We report that the genetic background does not influence the consequence of this depletion regimen. These results signify the temporal regulation exerted by Foxp3 + Tregs in limiting allergic airway inflammation and may influence their application as potential therapeutics.
Introduction

Regulatory T cells (Tregs), comprising of Foxp3
+ T cells and Foxp3 2 Tr1 cells are specialized immune cell populations known to modulate immune responses. The role of Tregs has been well documented in allergies [1] [2] [3] [4] [5] . They are involved in suppression of allergen-specific T cells, playing an important function in the physiological immune response to allergens. Tregs can also influence B cell responses by modulating IgE production and additionally dampen allergic inflammation by suppressing effector cells like eosinophils, basophils and mast cells [6] , [7] . In humans, the ratio of Th2 cells to Tregs has been implicated as a strong determinant of immune outcome to common environmental antigens [1] . As the significant role of Tregs (especially Foxp3 + Tregs) becomes evident in modulating allergic responses, new interest in the development of allergy treatments has been brought about by understanding the intricate mechanisms underlying tolerance towards allergens. This involves interventions targeting Tregs both, in allergy prevention and in the therapy of established allergies.
A major bottleneck to specifically understand the role of Foxp3 + Tregs has been the lack of specific surface markers that would allow their selective depletion. Hence, former studies characterizing them as CD4 + CD25 + cells have yielded contradictory data [2] [3] [4] , [8] [9] [10] [11] . This could be attributed to the existence of CD25 2 Foxp3 + Tregs which can be found in various organs in mice [12] , [13] . Moreover, expression of CD25 on B cells [14] , dendritic cells [15] and up-regulation of CD25 on activated conventional T cells [16] , can further obscure the results obtained upon depletion strategies employing depleting anti-CD25 antibodies. Furthermore, this poses a potential limitation in assessing the influence of Tregs during the various phases of allergic inflammation, as the depleting anti-CD25 antibodies persist in vivo for more than two weeks [17] and might thus interfere with both, the developing and the established Th2 responses. Concomitantly, forkhead box transcription factor 3 (Foxp3) has been identified as a master regulator of Treg function and a specific marker for murine CD4
+ Tregs [18] . Broader expression of Foxp3 on other cells, like epithelial cells [19] and macrophages [20] has been reported. However, these observations could not be reproduced independently, confirming a T cell intrinsic function of Foxp3 [21] [22] [23] [24] .
To address the role of Foxp3 + Tregs in allergic airway inflammation, we made use of BAC-transgenic DEREG (DEpletion of REGulatory T cells) mice. DEREG mice express the high affinity diphtheria toxin receptor (DTR)-eGFP fusion protein under the control of the Foxp3 promoter, allowing both viable isolation and inducible depletion of Foxp3 + Tregs [13] . As cessation of DT administration to DEREG mice results in replenishment of Tregs to almost normal levels in about a week's period, they present a suitable tool to address the role of Tregs at various phases of allergic airway inflammation [25] . In this study we aimed to specifically address the involvement of Foxp3 + Tregs in curtailment of allergic inflammation during an active allergen provocation. This reflects a more clinically relevant setting, considering that sensitization to the allergen to have already occurred, and thus represent a Foxp3 + Treg mediated potential therapeutic approach. Surprisingly, absence of Foxp3 + Tregs during the allergen challenge did not result in further aggravation of the inflammatory response and pathology of the lungs. We further confirmed this observation to be independent of the genetic background. These results highlight the temporal regulation exerted by Foxp3 + Tregs and their stronger influence on sensitization phase of allergic airway inflammation.
Methods
Mice DEREG mice were bred at the animal facility of Twincore (Hannover, Germany) and at the Helmholtz Centre for Infection Research (HZI, Braunschweig, Germany). 6-12 weeks old sex and age matched mice were used. All animals were housed under specific pathogen-free conditions. Mice were sacrificed by intraperitoneal injection of ketamine-hydrochloride and xylazinhydrochloride as approved by German animal welfare law. All mouse experiments conducted were in accordance to the described procedures in ethics applications approved by the institutional animal welfare and by the local government namely the Lower Saxony State Office for Consumer Protection and Food Safety (approval reference number: 33.9-42502-04-11/0453). Every effort was made to minimize any sort of suffering to the animals.
Ovalbumin-induced Allergic Airway Inflammation
DEREG-BALB/c mice were sensitized with 10 mg OVA (grade VI) (Sigma-Aldrich, Munich, Germany) adsorbed on 2 mg ImjectH Alum (Thermo Scientific, Illinois, USA) via i.p. administration on day 0 and day 14. Besides these two sensitizations, an additional booster injection was given in case of DEREG-C57BL/ 6 mice on day 21 to attain optimal sensitization. Treg depletion was achieved by i.p. administration of 0.5 mg or 1 mg DT (Calbiochem, Darmstadt, Germany) one week post last sensitization to DEREG-BALB/c or DEREG-C57BL/6 mice respectively. Positive control (Pos) and experimental (Pos+DT) group of mice were challenged intra-nasally under isofluran-induced anesthesia with 30 mg of OVA (grade V) (Sigma-Aldrich, Munich, Germany) in PBS on two consecutive days. Control mice were shamsensitized with PBS+Alum and DT treated (Neg+DT).
Bronchoalveolar Lavage (BAL) and Differential Cell Count
Animals were sacrificed 24 hours post last challenge by intraperitoneal injection of 6.25 mg ketamine-hydrochloride and 0.75 mg xylazin-hydrochloride per mouse, and their trachea was cannulated. Airways were flushed with 0.8 mL ice cold PBS (3X). Total BAL cells were counted using trypan blue exclusion dye after lysing RBCs. 4 cells in 100 mL PBS were used for cytospots (700 rpm, 5 min; Cytospin3; Shandon). Slides were stained with Diff-Quik kit (Medion Diagnostics, Germany) according to the manufacturer's protocol and a total of 200 leucocytes were differentially counted under light microscope from random fields.
Analysis of the Cytokine Secretion
Mediastinal lymph nodes were pooled from all the mice from each group and single-cell suspensions were obtained by mechanical disruption. A total of 1610 6 cells were seeded in 96-well U- Figure 1 . Schematic representation of the experimental set-up. DEREG-BALB/c mice were sensitized to OVA in presence of alum on day 0 and day 14. Foxp3 + Treg depletion was achieved by intra-peritoneal administration of diphtheria toxin (DT) a week post the last sensitization for two consecutive days. Mice were bled through retrobulbar venous plexus one day after the last DT treatment and were analyzed for efficient depletion of Foxp3 + Tregs. Negative control (Neg+DT) mice were sham sensitized with PBS in alum and were also treated with DT to rule out any unspecific inflammatory effects. Positive control (Pos) mice were challenged with intra-nasal application of OVA for two consecutive days without any DT treatment. The experimental group of mice (Pos+DT) were challenged with OVA for two consecutive days 24 bottom plates in 200 mL complete RPMI medium (Gibco, Darmstadt, Germany) containing 100 mg/mL OVA (Grade VI). Culture supernatants were harvested after 72 hr and frozen at 280uC until further use. IL-4, IL-5 and IL-13 cytokines were measured in cell-free supernatants by ELISA using matched antibody pairs purchased from R&D systems (R&D, WiesbadenNordenstadt, Germany). ELISA assays were performed according to the manufacturer's protocol.
Quantitative PCR
The left lobe of the lung was frozen immersed in TRIzol (Invitrogen, Darmstadt, Germany) at 280uC till further use. Total RNA was isolated according to the manufacturer's protocol and quantified using the NanoDrop-1000 spectrophotometer (Peqlab, Erlangen, Germany). cDNA was synthesised using Oligo d(T) primers and Fermentas Revert Enzyme kit (Fermentas, St. LeonRot, Germany) using 1 mg total RNA as template. Quantification of MUC5AC gene was done by qPCR using the primers (59cttcaacggcagtccaaaat 39) and (59ctcaaggggtgtcagcctaa 39) (Eurofins MWG Operon, Ebersberg, Germany). GAPDH was used as an internal control. SYBR green mix and primers for GAPDH were obtained from SAbiosciences (Hilden, Germany). qPCR reaction and data analysis was carried out using Lightcycler 480 (Roche, Penzberg, Germany).
Lung Histology and Quantification
The lungs were fixed by intra-tracheal instillation of 4% buffered paraformaldehyde, ligated and stored immersed in fixative. Specimens were trimmed according to the industrial guidelines for standardized tissue trimming RITA [26] . Uniform samples were embedded into paraffin, and 3 mm sections were stained with hematoxylin and eosin (H&E) or periodic acid-schiff (PAS) stain to estimate cellular infiltration and airway epithelial mucus production, respectively. The surface area of mucuscontaining goblet cells (S gc ) per total surface area of airway epithelial basal membrane (S ep ) were determined using a computer-assisted tool (Axio Vision 4.8 Carl Zeiss).
Statistical Analysis
Data are represented as means + standard deviation (SD). Comparative groups were tested for statistical significance by Mann-Whitney U test using Prism 5 software. p values less than 0.05 were considered statistically significant. n.s. = non-significant, *p#0.05 and **p#0.01.
Results
Absence of Foxp3 + Tregs during Allergen Challenge does not Augment Cellular Infiltration in the Lungs
To study the temporal influence of Tregs we employed standard OVA/alum model of murine experimental allergic airway inflammation in DEREG mice and adopted distinct regimens for BALB/c or C57BL/6 strains of mice. These regimens were standardized in both the strains to respectively mimic induction of an apparent airway inflammation but concurrently not to reach a threshold response, in order to monitor the influence of Treg depletion. Also the dosage of DT in both the strains of mice was titrated to achieve maximum Treg depletion avoiding any nonspecific side-effects, especially in BALB/c mice which are relatively more sensitive to DT than C57BL/6 mice.
To analyze the influence of absence of Tregs during the allergen challenge, we administered DT to DEREG-BALB/c mice after the completion of sensitization and just prior to the initiation of intranasal allergen challenges (Fig. 1) . Twenty four hours after the last DT treatment, mice were bled through retrobulbar venous plexus to confirm ablation of Foxp3 + Tregs. More than 90% reduction in the frequency of CD4 + Foxp3 + Tregs was observed in all DT treated mice (Fig. 1) . Although Foxp3 + Treg depletion was demonstrated in blood, a comparable depletion in the target organ i.e. lung needed to be confirmed. As the sensitized and DT treated mice were to be used for continuation of the experiment, we used another set of mice to address this issue. DT was administered to DEREG mice on two consecutive days and the mice were sacrificed on the following day. The blood and lungs were analyzed in parallel to address if decrease in the frequency of Foxp3 + Tregs from blood reflects the depletion in lungs too. We observed ablation of Foxp3 + Tregs to similar frequencies in both blood and lungs confirming that the regimen used here successfully depleted Foxp3
+ Tregs also in the target organ (Fig. S1 ). Subsequently, intra-nasal OVA challenges were performed in sensitized mice and they were sacrificed 24 hrs post last challenge. To validate the effect of absence of Foxp3 + Treg only during the allergen challenge, we collected sera from individual mice and Temporal Regulation by Foxp3 + Regulatory T Cells confirmed comparable sensitization in both the groups of sensitized mice by performing antigen-specific ELISA for IgE and IgG1 antibodies (Fig. S2) . All mice that were sensitized and challenged with OVA (Pos and Pos+DT) showed enhanced cellular infiltration in the BAL when compared to the sham-sensitized group of mice (Neg+DT) (Fig. 2A) . The BAL of OVA challenged mice indicated enhanced frequencies and total numbers of lymphocytes and granulocytes (mainly eosinophils) in comparison to the un-challenged mice (Fig. 2B) . Surprisingly, OVA-sensitized DEREG-BALB/c mice depleted of Tregs (Pos+DT) during the allergen challenge showed no significant alteration in total cellular infiltration in BAL as compared to sensitized mice with an intact Treg compartment (Pos) (Fig. 2A) . Differential cell count revealed no significant change in frequencies of various populations infiltrating the broncho-alveolar spaces, namely eosinophils, macrophages, lymphocytes or neutrophils (Fig. 2B) .
A direct inflammatory influence of DT was already excluded by administering DT to negative control mice (Neg+DT). Since negative control mice were only sham-sensitized, additive influence of DT in OVA-sensitized mice was not ruled out. To analyze this likelihood we used OVA-sensitized wild type mice and administered DT before allergen challenges. All the parameters analyzed for inflammation and lung pathology in wild type mice were similar to those observed in DEREG mice without DT treatment (data not shown). Thus, specific absence of Foxp3 + Tregs during allergen challenge did not influence cellular infiltration in the lungs.
Absence of Tregs during the Allergen Challenge only Moderately Affects the Allergen-specific Th2 Cytokines
To investigate if the absence of Tregs during allergen challenge had any influence on Th2 cytokine production, we stimulated the lung draining mediastinal lymph node cells with OVA and analyzed the cell free supernatants for secreted Th2 cytokines by ELISA. Quantification of IL-5 ( Fig. 3B ) and IL-13 (Fig. 3C ) demonstrated comparable levels of cytokine in both the groups of DEREG mice which did or did not receive DT treatment before allergen challenges (Pos and Pos+DT). Surprisingly, mice challenged in absence of Foxp3 + Tregs demonstrated slightly reduced levels of IL-4 (Fig. 3A) . However, the functional relevance of diminished IL-4 production could not be translated into an observable reduction in inflammatory response.
Treg Depletion before Allergen Challenges does not Exacerbate Lung Pathology
As induction of airway inflammation results in characteristic modification of lung tissue in terms of cellular pathology and goblet cell hyperplasia, we monitored these features by histological examination and quantitative PCR (qPCR). The lung sections were stained with hematoxylin-eosin (H&E) (Fig. 4A) or Periodic Acid Schiff (PAS) stain (Fig. 4B) for determination of cellular infiltration plus lung pathology and goblet cells hyperplasia, respectively. Double blinded quantita- tive histological analysis performed on the basis of overall lung extension, peri-bronchial and peri-vascular cellular infiltration as well as interstitial edema on H&E stained slides revealed no statistically significant differences in the overall score from lungs of Treg depleted (Pos) or non-depleted (Pos+DT) mice (Fig. 4C) . Similarly, no significant differences were observed upon quantification of mucus secretion as assessed by determining the ratio of surface airway epithelial area of mucus containing goblet cells (Sgc) to total airway epithelial area measured (Sep) on PAS stained slides from lungs of DT treated or untreated mice (Fig. 4D) . Additionally, mucus production was quantified by real time PCR of MUC5AC gene on cDNA prepared from lung tissues. In line with the histology results, the expression level of MUC5AC gene in lungs from Treg depleted (Pos+DT) or non-depleted (Pos) DEREG mice groups were comparable (Fig. 4E) . Thus, absence of Foxp3 + Tregs during allergen provocation did not result in aggravated lung pathology. Genetic differences are known to strongly influence the predisposition towards allergies [27] [28] [29] . The study by Lewkowich et al. demonstrated that ablation of Tregs using depleting anti-CD25 antibodies lead to a severely aggravated airway inflammation in a comparatively allergy resistant (C3H) strain of mice, whereas only a slight enhancement in inflammation was observed in an allergy sensitive strain of mice (A/J) upon similar treatment [10] . We thus next explored, whether a stronger importance of Foxp3 + Treg depletion during the allergen provocation phase could be observed in C57BL/6 mice, which are relatively less susceptible to allergy. Interestingly, DEREG mice on C57BL/6 background also demonstrated no exacerbation in lung inflammation upon allergen challenge in the absence of Tregs (Fig. 5) . Contrarily, depletion of Tregs during the sensitization phase resulted in severe exacerbation of lung pathology in mice on both, BALB/c (Fig. S3 ) and C57BL6 genetic background [5] .
Discussion
Comprehending the temporal influence of Tregs in development and progression of allergic responses can have strong implications for their therapeutic exploitation. In this study we analyzed the influence of Foxp3 + Tregs during the allergen provocation in a murine model of experimental allergic airway inflammation. Surprisingly, the absence of Tregs during the allergen challenge in sensitized DEREG-BALB/c mice did not result in a significant augmentation of inflammation or lung pathology.
Strain specific differences have been observed in murine models of experimental allergic airway inflammation [30] [31] . In the study by Lewkowich et al., depletion of Tregs upon administration of depleting anti-CD25 antibodies resulted in enhanced cellular infiltration and eosinophilia in BAL of both, an allergy-resistant and an allergy-susceptible strain of mice [10] . In congruence, we also observed elevated cellular infiltration and eosinophilia in BAL of DEREG mice upon Treg depletion during ongoing sensitization on both, BALB/c (Fig. S3 ) and C57BL/6 [5] genetic backgrounds. Nevertheless, use of depleting anti-CD25 antibodies did not permit to discriminate the consequences of Treg ablation during the sensitization versus the effector phase. Here, we demonstrate that although both BALB/c and C57BL/6 strains of mice show elevated inflammatory responses upon depletion of Tregs during the sensitization phase, neither strain showed an aggravated response in the absence of Foxp3 + Tregs during the allergen challenge, highlighting the significant temporal influence of Foxp3 + Tregs. Many studies have correlated induction and expansion of Tregs to amelioration of allergic airway inflammation. Oral administration of bacterial products has been shown to prevent asthma via recruitment of Foxp3 + Tregs [32] . By using a gastrointestinal nematode Heligmosomoides polygyrus, Wilson et al. reported a Tregdependent protection in mice which was reversed upon their depletion during the effector phase [33] . Contrarily, in a murine model of experimental allergic airway inflammation, protection provided by the filarial parasite Litomosoides sigmodontis was not reversed by depletion of Tregs upon administration of anti-CD25 antibodies in vivo, although an increase on Tregs was evident upon infection [34] . Also, infection with Acinetobacter baumannii ameliorates allergic airway inflammation in a Foxp3
+ Treg-independent manner [35] . Furthermore, Foxp3
2 Tr1 cells that produce immunosuppressive IL-10 have been strongly implicated in modulating allergic responses [1] , [36] . Concomitantly, IL-10 plays a non-redundant role in maintaining tolerance at mucosal surfaces including the lungs [37] . Altogether these studies Temporal Regulation by Foxp3 + Regulatory T Cells implicate multiple regulatory mechanisms to maintain functional tolerance to allergens, working in parallel with Foxp3 + Tregs. It is thus tempting to speculate that complete absence of, or attenuated Foxp3
+ Treg responses during early phases of antigen priming (sensitization) could result in a prominent disposition to develop allergies. However, temporary absence of Tregs later during the antigen provocation plays a relatively inconspicuous role. In line with this, the colonization by commensals in early life has been recently suggested to restrict iNKT cell activation and thereby to prevent mucosal pathologies including allergic lung inflammation [38] . However, in this study the involvement of Foxp3 + Tregs as a potential mechanism of action remains to be determined. Interestingly, the colonization of adult germ-free mice could not rescue the phenotype, illustrating that the time window of this regulation might be very critical.
Although the absence of Foxp3 + Tregs during the allergen provocation does not further exacerbate the lung pathology, this does not potentially exclude that allergic inflammation can be tamed by therapeutic augmentation of Foxp3 + Treg numbers or by administration of functional Tregs during the allergen challenge phase. Indeed studies have established protection from lung inflammation and pathology upon transfer of Tregs during the effector phase of allergic airway inflammation [39] [40] [41] . Consequently, Tregs remain to be promising candidates for therapeutic immune interventions in established allergies. In addition, we propose that the role of Foxp3
+ Tregs at inhibiting allergic responses under physiological conditions is clearly less pronounced during the allergen provocation phase as compared to during the sensitization phase.
Supporting Information
Figure S1 Depletion of Foxp3
+ Tregs in lungs of DT treated mice. Since the sensitized and DT treated mice were to be challenged and as the lungs from these mice were used for mRNA extraction and histology, we used another set of mice to confirm depletion of Foxp3 Treg depletion during allergen provocation. To comprehend the influence of the absence of Tregs during the allergen challenge, it was essential to confirm an equivalent sensitization of mice in both the sensitized groups (Pos and Pos+DT). Individual sera samples were used to determine the titer of OVA-specific antibodies by ELISA. To measure OVA-specific IgE and IgG1, 10 mg/mL OVA (Grade V) (Sigma-Aldrich, Munich, Germany) was coated over night onto Maxisorp microtiter plates (Nunc, Roskilde, Denmark). After blocking with 1% BSA in PBS, samples and standards {IgG1: clone OVA-14 (Sigma-Aldrich, Munich, Germany) and IgE: clone-2C6 (AbD-Serotec, Oxford, UK)} were added and incubated over-night. Detection limits were 1.56 ng/ mL and 3.125 ng/mL for IgE and IgG1, respectively. Bound antibodies were probed with biotinylated anti-mouse IgG1 (A85-1, BD Pharmingen, Heidelberg, Germany) or anti-mouse IgE (R35-92, BD Pharmingen, Heidelberg, Germany) for one hour at 37uC. Streptavidin conjugated alkaline phosphtase (Strep-AKP; BD Pharmingen, Heidelberg, Germany) was used to detect biotinylated antibodies. ELISA was developed with phosphatase substrate (Sigma-Aldrich, Munich, Germany) at room temperature. Absorbance was measured on the BioTek ELISA reader (Bad Friedrichshall Germany) at 450 nm with 570 nm filter as reference. Significant titers of OVA-specific IgE and IgG1 antibodies were detected in both the groups of mice sensitized to OVA in the presence of alum (Pos and Pos+DT). Antigen-specific IgE and IgG1 titers were at comparable levels irrespective of the Treg depletion status. As the sera were collected post allergen challenges, equivalent antigen-specific immunoglobulin levels validates that depletion of Tregs during allergen provocation did not affect the sensitization in the time frame of measurement i.e. from DT treatment to analysis. This further substantiates that the data presented in this study reflects the influence of the absence of Tregs only during the allergen challenge. Data are depicted as mean + SD and are representative of five individual experiments with 4-10 mice per group. Mann Whitney test was used to determine statistical significance. n.s. = non-significant. (TIF) Figure S3 Depletion of Tregs during the sensitization phase exacerbates pathology in DEREG-BALB/c mice. We have recently reported that depletion of Tregs during the sensitization phase of allergic airway inflammation exacerbates lung pathology significantly using DEREG mice on C57BL/6 background. To assess the influence of strain specificity in absence of Tregs during the priming phase, we performed Treg ablation in DEREG mice on BALB/c genetic background during the sensitization phase. As BALB/c mice are comparatively allergy sensitive they were sensitized to OVA with alum by two i.p. injections one on day 0 and another on day 14. 0.5 mg DT was administered intra-peritoneally on two consecutive days after each sensitization to achieve Foxp3 + Tregs depletion during the sensitization phase. Mice were rested for one week after DT treatment, and then bled through retrobulbar venous plexus to confirm the rebound of Foxp3 + Tregs. Consequently, mice were challenged with OVA via intra-nasal route for two consecutive days and analyzed one day post last challenge. BAL was collected through the cannulated trachea with 0.8 ml PBS (3x). (A) Total cellular infiltration was estimated in the BAL by live cell counting with trypan blue exclusion dye. Each dot represents data from individual mice and horizontal line depicts mean value. (B) 5-10610 4 BAL cells were spotted on microscopic slides and stained with DiffQuik staining kit. Differential cellular count was performed by standard morphological parameters in a single blinded manner. 200 leucocytes were counted from random fields. Data plotted as mean + SD. Data shown is a representative of four individual experiments using 4-6 mice in each group. Mann Whitney test was used to determine statistical significance. *p#0.05 and **p#0.01. Depletion of Tregs during the sensitization phase led to enhanced total cellular infiltration in BAL of DEREG mice on BALB/c genetic background also. Enhanced eosinophilia was observed in BAL from Treg depleted DEREG mice compared to their non-depleted counterparts. These results, confirm the potent regulatory influence of Tregs during the priming phase in both, allergy sensitive (BALB/c) and resistant (C57BL6) strain of mice. (TIF)
